General atom numbering schemes for NMR assignment S2
General considerations
All reactions except oxidations with H 2 O 2 were carried out under an argon atmosphere using standard Schlenk techniques and dry solvents. Ugi′s amine and some of the phosphines were kindly provided by Solvias AG. Solvents were dried according to standard procedures under argon atmosphere and distilled freshly prior to use. Tetrahydrofuran (THF) was dried over sodium/benzophenone, dichloromethane (DCM) and acetone were dried over P 2 O 5 , Et 2 O over LiAlH 4 , MeOH and EtOH over magnesiumalkoxide, and toluene was dried over sodium. Column chromatography was performed either on silica gel (Merck, or on aluminium oxide (Merck, aluminium oxide 90). Petroleum ether (PE, boiling range 60-80 °C), ethyl acetate (EA) and triethyl amine (TEA) were used as the eluents. The following compounds were purchased and were used without further purification: acetophenone (FLUKA), 2-acetamidoacrylic acid methyl ester (TCI), itaconic acid dimethyl ester (TCI), α-methylcinnamic acid (ALDRICH), α-phenylcinnamic acid (ALDRICH), benzoylformic acid methyl ester (TCI), ethyl propionylacetate (ALDRICH), acetylacetone (FLUKA). Ugi's amine was kindly provided by SOLVIAS AG. Elemental analyses were carried out by 'Mikroanalytisches Laboratorium der Universität Wien'.
NMR spectra were recorded either on a Bruker DRX-400, a Bruker Avance-500 or on a Bruker DRX-600 spectrometer in CDCl 3 , CD 2 Cl 2 or acetone-d 6 31 P NMR spectra were referenced to 85% H 3 PO 4 ( 31 P: 0 ppm). For the assignment of peaks, the following abbreviations were used: s = singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, m = multiplet and bm = broad multiplet. Coupling constants in 13 C NMR are due to 31 P-13 C or 19 F-13 C coupling. High resolution mass spectra were recorded on a Bruker ESI-Qq aoTOF MS spectrometer. Optical rotations were measured on a Perkin Elmer 241 or a Jasko P-1020 polarimeter in CHCl 3 . Melting points were measured either on a Kofler or on a Boif X-4 melting point apparatus. Conversion and e.e. values were measured with use of an Agilent 7890 A GC or an Agilent 1200 HPLC. To a degassed solution of (R,S Fc )-2-(4-methylphenylsulfinyl)-1-tributylstannylferrocene, (R,S Fc )-4, (1.12 g, 1.83 mmol) in dry Et 2 O (8 mL) at -78 °C was added tert-butyllithium (1.6 M in pentane, 1.14 mL, 1.82 mmol) and the resulting dark red solution was stirred for 5 min before it was transferred at -78 °C into a degassed solution of 1,1,2,2-tetrabromoethane (1.89 g, 5.46 mmol) in dry Et 2 O (8 mL). The red reaction mixture was stirred for one additional hour at -78 °C and was subsequently quenched with saturated aqueous solutions of Na 2 S 2 O 3 and NaHCO 3 . The products were extracted with Et 2 O and the combined organic phases were washed with water and brine. The organics were dried over MgSO 4 and the crude product was obtained after filtration and evaporation of the solvents. Excess reagents and a small amount of byproduct were removed by chromatography (aluminium oxide, PE) and 1.2 g of products was isolated as a mixture of the desired product (S Fc )-5 and tributylstannylferrocene in a ratio of 87:13. This mixture of products was used without further separation in the next step. An analytical sample of (S Fc )-5 was purified by an additional chromatography (aluminium oxide, PE). [α] 20 λ : +26 (589), +27.5 (578), +32.5 (546) (c 0.25, CHCl 3 ).
General atom numbering schemes for NMR assignment:
To a degassed 87:13 mixture of (S Fc )-5 and tributylstannylferrocene (1.2 g) in DCM (10 mL) was added a degassed solution of iodine (0.66 g, 2.60 mmol) in DCM (10 mL) and the resulting reaction mixture was stirred for 17 h. Subsequently, the reaction was quenched with a saturated aqueous solution of Na 2 S 2 O 3 . The phases were separated and the organics were filtered through neutral aluminium oxide. After evaporation of the solvents, the residue was taken up in MeOH and to this solution was added 350 mg of KF. This mixture was stirred for 15 min and again filtered through neutral alumina. The solvent was removed and the residue was dissolved in Et 2 O. The organics were washed with water and brine, and then dried over MgSO 4 . Filtration and evaporation of the solvents provided the crude product. Three consecutive column chromatographies (aluminium oxide, heptane) afforded the desired pure product (S Fc )-2 in 60% yield (based on (R,S Fc )-4, 424 mg, 1.085 mmol) and 99% chemical purity. An analytical sample was further purified by column chromatography (aluminium oxide, heptane) and gave (S Fc )-2 in >99.5% chemical purity.
(S Fc )-2: Mp.: 74 °C 1 H NMR (400 MHz, CDCl 3 ): δ 4.19 (t, 2.6 Hz, 1H, H4), 4.22 (s, 5H, Cp'), 4.43 (dd, J 1 = 2.6
Hz, J 2 = 1.4 Hz, 1H, H5), 4.52 (dd, J 1 = 2.6 Hz, J 2 = 1.4 Hz, 1H, H3). The spectrum matched the previously reported data for rac-2 (Butler, I. R. Inorg. Chem. Commun. 2008, 11, 15-19 To a degassed solution of (R)-1 (292 mg, 1.14 mmol) in THF (1.5 mL) at -78 °C was added dropwise sec-BuLi (1.4 M in cyclohexane, 0.9 mL, 1.26 mmol). The resulting deep red solution was stirred for 1 h at -78 °C and for 2 h at 0 °C. A solution of ZnBr 2 in THF (1.3 M, 1.15 mL, 1.49 mmol) was added and the reaction mixture was stirred for further 40 min at 0 °C. A solution of [Pd 2 (dba) 3 ]·CHCl 3 (52.2 mg, 0.057 mmol) and tri(2-furyl)phosphine (106.8 mg, 0.46 mmol) in THF was prepared. After degassing it was stirred for 20 min at r.t. to give a dark green clear solution. To this catalyst solution were transferred a degassed solution of (S Fc )-2 (288.5 mg, 0.738 mmol) in THF (1 mL) and the freshly prepared ferrocenyl-zinc compound. The resulting solution was heated under argon at 75 °C for 19 h. The reaction mixture was cooled to r.t., quenched with 5 M NaOH (3 mL), diluted with water and extracted with Et 2 O (3 x 50 mL). The combined organic phases were washed with water (3 x 50 mL) and brine (2 x 50 mL) and dried over MgSO 4 . The mixture was filtered and the solvent was evaporated. The crude product was purified by column chromatography (aluminium oxide; eluents: PE to elute excess tfp, and PE/Et 2 O/NEt 3 = 5/5/1 to elute product (R,S Fc ,R Fc )-3 (yield: 300 mg, 0.577 mmol, 78%). To a stirred solution of (R,S Fc ,R Fc )-3 (100 mg, 0.19 mmol) in THF (3 mL) was added BH 3 ·THF in THF (1 M, 0.7 mL, 0.7 mmol) at 0 °C. Stirring was continued for 1 h at r.t. before the reaction mixture was quenched at 0 °C by dropwise addition of water. The organics were extracted with DCM, the combined solutions were washed with water and dried with MgSO 4 . The solvents were removed and the residue was purified by chromatography (aluminium oxide, eluent CH 2 Cl 2 ; yield: 136 mg 0.255 mmol, 91% To a degassed solution of (R,S Fc ,R Fc )-3 (188 mg, 0.361 mmol) in 2.4 mL of THF was added dropwise at -40 °C a solution of n-BuLi (1.6 M in hexane, 0.27 mL, 0.434 mmol). The color of the reaction mixture changed immediately to dark red. After stirring for 40 min at -40 °C was the solution warmed up to r.t., before chlorodiphenylphosphine (107 mg, 0.487 mmol) was added. The mixture was stirred for 18 h at r.t. and for 1 h at 35 °C. The reaction was quenched with 5 mL of saturated aqueous NaHCO 3 . The product was extracted twice with ethyl acetate and the combined organic phases were washed with water and brine. After drying over MgSO 4 , filtration and evaporation of the solvents, the crude product was obtained as an orange solid. The pure product was obtained after chromatography (aluminium oxide, PE/EE/NEt 3 = 50/5/1) as orange foam (yield: 146 mg, 0.233 mmol, 65% 
Synthesis of derivatives 10-13
General procedure A: Phosphineoxide (R,S Fc ,R Fc )-8 (for 10-12) or (R,S Fc ,R Fc )-9 (for 13) was transferred into a Schlenk flask and dissolved under Ar in freshly distilled acetic acid through which Ar had been bubbled for several hours. The resulting solution was again degassed and subsequently heated under Ar to 70 or 75 °C for 18 h. After cooling to room temperature, the acetic acid was removed under vacuum, the residue was taken up in DCM and saturated aqueous NaHCO 3 was added. The phases were separated and the aqueous phase was extracted with DCM. The combined organic phases were washed with water and brine, and dried over MgSO 4 . After filtration and evaporation of the solvents, the crude product was purified by column chromatography. Synthesis according to general procedure A: (R,S Fc ,R Fc )-8 (1 g, 1.56 mmol) in acetic acid (10 mL), bis-(3,5-trifluoromethyl)phenyl phosphine (1.07 g, 2.34 mmol), reaction temperature 70 °C for 18 h, column chromatography on aluminium oxide (PE/EE = 2:1) resulted in a mixture of 95% of 12a and 5% of bisphosphineoxide 12b which was used in the next step without further separation (yield: 1.07 g, 1.01 mmol, 65%, orange foam). 
Synthesis of ligands 14-17
General procedure B:
Each phosphineoxide 10-13 was dissolved in THF and the solution was degassed. PMHS and Ti(O-iPr) 4 were added and the resulting mixture was refluxed under argon at 75 °C for 90 min. The solution turned dark green immediately after starting the reaction. The reaction mixture was transferred onto a column (aluminium oxide, PE/EA/EtOH = 85:15:1) without prior workup. The orange product was eluted and the solvents were removed to give the crude products as orange solids. Synthesis according to general procedure B: mixture of 95% (R,S Fc ,R Fc )-12a and 5% (R,S Fc ,R Fc )-12b (971 mg, 0.921 mmol) in THF (10 mL), PMHS (4.05 mL) and Ti(O-iPr) 4 (2.1 g, 7.37 mmol), reaction time 16 h, chromatography: aluminium oxide, PE/EA/EtOH = 90:10:1. In order to remove excess of PMHS, the crude product was purified by a second chromatography (aluminium oxide, PE/EA = 10:1) which gave the pure product as orange foam (yield: 139 mg, 0.134 mmol, 34% Synthesis according to general procedure B: phosphine oxide (R,S Fc ,R Fc )-13a (617 mg, 0.527 mmol) in 4.8 mL of THF, PMHS (0.34 mL) and Ti(O-iPr) 4 (600 mg, 2.11 mmol), 75 °C for 22 h, chromatography: aluminium oxide, PE/EA/EtOH = 90:10:1. After evaporation of the solvents, the crude product was precipitated upon addition of small amounts of Et 2 O. To remove excess PMHS, the solid crude product was suspended in a mixture of PE/EA (95:5) and filtered off; this was repeated for several times. After drying in vacuo, the pure product was obtained as an orange solid (yield: 295 mg, 0.255 mmol, 49 %). To a mixture of (R,S Fc ,R Fc )-(15) (50 mg, 0.065 mmol) and diacetonitrildichloropalladium(II) (16.9 mg, 0.065 mmol) were added 3 mL of degassed DCM. The dark red solution was stirred under argon at r.t. overnight. The solution was filtered under inert conditions over a cellite pad. The solvent was removed completely and the dark red solid residue was dried in vacuo (yield: 61 mg, 0.065 mmol, >99%).
Dichloro-{(S Fc )-2-((R)-1-diphenylphosphinoethyl-κP)-(R Fc )-2′′-diphenylphosphino-κP-

1,1′′-biferrocene} palladium(II), [PdCl 2 (R,S Fc ,R Fc )-(15)]
Single crystals suitable for X-ray structure determination were grown from a CHCl 3 /toluene solution by slow evaporation of the solvents. Hydrogenations -experimental procedures
Chloro-{(S Fc )-2-((R)-1-diphenylphosphinoethyl-κP)-(R
Hydrogenations
High throughput screening
All reactions were carried out on a Symyx high throuput screening instrument with use of the following reaction conditions: substrate 41.67 μmol; catalyst 1.67 μmol; catalyst loading: S/C: 25; 4 mol%; V total 500 μL; Pressure for substrates MAC, MAA, DMI, E-EAAC 1bar H 2 , MCA, Allyl-OH, DHNAA and MPG 50 bar H 2 ; reaction time: 16 h.
Single experiments
A solution of the substrate (1 mmol) was dissolved under argon in a degassed solvent (2.5 mL). The catalyst was formed in situ by stirring a mixture of ligand and metal precursor in a degassed solvent (2.5 mL) for 30 minutes at r.t. Both the catalyst and the substrate solution were transferred through a stainless steel capillary into either a glass or a steel autoclave. The argon gas was then replaced by hydrogen gas (3-5 cycles) and the pressure was set. After completion of the reaction, the reaction mixture was filtering through a plug of silica. Conversions and e.e. values of the product were determined by either gas chromatography or HPLC.
The following reaction conditions and methods were applied After removing the solvent under reduced pressure, the crude product was dissolved in DCM and extracted with NaOH (2M). The organic phase was discarded. The aqueous phase was made acidic by addition of aqueous HCl solution (to pH=1) and the acid was extracted with DCM (2 x 25 mL). The combined organics were washed with brine, dried over MgSO 4 and the solvent was removed under reduced pressure. The residue was transformed into the corresponding methyl ester. The residue was dissolved in MeOH and diazomethane in Et 2 O was added until the colour of the solution turned permanently into light yellow. After stirring for 20 minutes at r.t., the solvent was removed carefully under reduced pressure and the remaining residue was filtered over a short plug of Silica which had been wetted with MeOH. Analysis data: HPLC, column: Daicel, Chiraldex OB-H, temperature: 25 ºC, eluent: hexane/iPrOH 97:3, flow rate: 0.5 mL/min, detector: DAD, Sig = 230 nm. Substrate = 15.8 min, (R) = 10.7 min, (S) = 11.6 min. formation of trifluoroacetate derivative: after removing the solvent and drying under reduced pressure, to the remaining residue was added trifluoroacetic anhydride (2 mL). After stirring for 20 minutes, excess of trifluoroacetic anhydride was removed by blowing argon over the solution and the remaining residue was filtered over a short plug of Silica that had been wetted with MeOH. Analysis data: GC, column: LIPODEX-E (50m); 80 °C isothermal. Substrate = 15.6 min, (R) = 26.6 min, (S) = 29.7 min. Spek, 2003) . Crystallographic data are compiled in Table S5 and atomic parameters are provided in CIFformat in the Supporting. Structural diagrams of complexes ( Fig. S1 -S6) and Tables (Tab. S6 -S11) with selected geometric parameters are given below. For molecular graphics the programs XP (Bruker) and MERCURY (Macrae et al., 2006) were used. Crystal structure of (S Fc )-2 Figure S1 . Structural diagram of the asymmetric unit of (S Fc )-2, (S Fc )-2-bromo-1-iodoferrocene, showing 50% ellipsoids and the atom numbering on the left. A packing diagram of (S Fc )-2 is shown on the right. Commun. 2010 Commun. , 46, 2862 Commun. -2864 ; space group P-1, a = 9.8917(4), b = 10.0527(5), c = 10.8535(5) Å, α = 81.390(2), β = 82.628(2), γ = 84.345(2)°. According to this reference, the crystal lattice of NUTWIJ contains two independent molecules of which one has an ordered and one a disordered Br/I arrangement.
PCA
X-ray structure determination of (S
Crystal structure of (R,S Fc ,R Fc )-3
. BH 3 Figure showing 50% ellipsoids and the atom numbering. The structure contains two independent Pd-complexes, two toluene solvent molecules, and one water molecule in the asymmetric unit. The two Pd-complexes are similar in bond lengths, bond angles and and conformation. Hydrogen atoms were omitted for clarity. O1w represents a water molecule that is hydrogen bonded to Cl1 (O1w…Cl1 = 3.219(3) Å) and Cl2 (O1w…Cl2 = 3.461(3) Å). 
